To develop an eye-motion-tracking optical coherence tomographic (OCT) method and assess its effect on image registration and nerve fiber layer (NFL) thickness measurement reproducibility. METHODS. A system capable of tracking common fundus features based on reflectance changes was integrated into a commercial OCT unit (OCT II; Carl Zeiss Meditec, Inc., Dublin, CA) and tested on healthy subjects and patients with glaucoma. Twenty successive peripapillary NFL scans were obtained with tracking and 20 without tracking, for 40 images in each session for each eye. Subjects participated in one session on three different days. Composite OCT scans and composite fundus images were generated for assessment of eye tracking. NFL thickness measurement reproducibility was also assessed. RESULTS. Seven healthy and nine glaucomatous eyes of 16 subjects were recruited. A qualitative assessment of composite OCT scans and composite fundus images showed little motion artifact or blurring along edges and blood vessels during tracking; however, those structures were less clearly defined when tracking was disengaged. There was no significant reproducibility difference with and without tracking in both intra-and intersession NFL measurement SD calculations in any location. The mean retinal pixel SD was significantly smaller with tracking than without (490.9 Ϯ 19.3 m vs. 506.4 Ϯ 31.8 m, P ϭ 0.005, paired t-test). CONCLUSIONS. A retinal-tracking system was successfully developed and integrated into a commercial OCT unit. Tracking OCT improved the consistency of scan registration, but did not influence NFL thickness measurement reproducibility in this small sample study. (Invest Ophthalmol Vis Sci. 2006;47: 964 -967) 
O ptical coherence tomography (OCT) provides in vivo cross-sectional images of the retina with micrometer scale resolution. 1 It is a valuable tool for the assessment of various ocular diseases including glaucoma, macular edema, and macular holes, where accurate and reproducible structural measurements are essential. [2] [3] [4] In the second-generation commercial OCT (OCT II; Carl Zeiss Meditec, Inc., Dublin, CA), the peripapillary nerve fiber layer (NFL) scan consists of 100 A-scan samples in a circular pattern, and good fixation is necessary. Poor visual acuity can make fixation difficult for patients, and even healthy subjects can experience eye motion artifacts during scanning. 5 Eye motion can cause incorrect sampling registration that directly affects the accuracy of measurements, and there is not an effective way to determine whether the actual measurements are obtained exactly in the desired location. When OCT II scans are acquired, a corresponding fundus photograph is recorded after the scan has been taken, showing the retinal placement of the peripapillary scan at the time of the photograph. However, because the photograph is not taken at the exact time the OCT scan is acquired, there is some uncertainty as to the precise sampling location (Fig. 1 ).
There are two logical solutions for the problem of eye motion: (1) rapid scanning so that even very fast eye movements such as saccades have only negligible influence on the acquired image, and (2) eye-motion tracking so that image registration occurs along the designated scanning path. With the current iteration of the commercial OCT system (Stratus-OCT or OCT III; Carl Zeiss Meditec, Dublin, CA), scanning speed and resolution have been improved, but not enough to compensate for most eye movements. There are currently studies to develop the next generation OCT with a novel implementation of frequency domain scanning, which achieves ultrafast scanning speeds. 6, 7 Because these systems are capable of sampling at higher rates, they may minimize the effect of saccades. However, this cutting-edge technology is still in its experimental and developmental stage.
Alternatively, an eye-motion tracking system can be integrated relatively easily into the existing OCT unit without drastically modifying the original hardware. We hypothesized that eye tracking would help improve measurement reproducibility by stabilizing images and allow for reliable images to be obtained even when fixation is less than perfect and eye motion occurs. The purpose of this study was to assess the effect of an active retinal tracker on OCT image registration and NFL thickness measurement reproducibility.
METHODS

Tracking System
A retinal-tracking system that incorporated a tracking beam directly into OCT II was developed in collaboration with Physical Sciences, Inc. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
(PSI; Andover, MA). This hardware-based eye-motion detection system differs from existing software-based eye trackers in both target and speed. 5 Unlike eye trackers that use the anterior segment of the eye, this system targets common fundus features using reflectance. The tracking system has a refresh rate of 1000 samples per second, making it faster than conventional video frame tracking systems that have a refresh rate of only 30 samples per second. 5 The higher speed makes it possible to track rapid eye movements, such as drifts, tremors, and saccades, that cannot be properly tracked with other systems. 8 However, the system does not compensate for torsional and axial (frontback) motion, as some other systems do. 9 This retinal-tracking system was added directly to the existing commercial OCT unit. Within the system were two additional mirrors. Both the tracking and OCT beams passed through these mirrors, which were used to control the optical path of the beams. No changes were made to the original OCT optics. Mirror position was controlled by a separate computer detecting the reflectance signal from a retinal target. The optic nerve head (ONH) region was chosen to be the tracking target for this study because of its areas of high reflectance. 5 Although the optical paths of the OCT and retinal-tracking system were combined, the software and user interface for the tracking system were independent from that of the OCT II software. This independence allowed us to use the standard OCT II system software version 2.0 for image acquisition. Other implementations of this track-ing system showed an accuracy of Ͻ0.05°(ϳ15 m). A complete description of the tracking OCT system can be found elsewhere. 5, 10 
Clinical Trial and Procedure
Healthy and glaucomatous eyes were enrolled in this study. All subjects were enrolled according to the Declaration of Helsinki and provided written informed consent, as approved by the Tufts-New England Medical Center (NEMC) Human Investigation Review Committee. Healthy subjects were recruited from staff at the NEMC and PSI, and subjects with glaucoma were recruited from the patient population at NEMC. Inclusion criteria were best corrected visual acuity of 20/40 or better, refractive error between Ϯ6.0 D, no media opacity, no retinal disease other than those attributed to glaucoma, and a reliable result on 24-2 standard Swedish interactive thresholding algorithm (SITA) visual field test. A reliable SITA was defined by less than 30% fixation losses and false-positive and false-negative responses. Healthy volunteers had a normal ocular examination and a visual field glaucoma hemifield test (GHT) result within normal limits. Patients with glaucoma had a GHT result outside normal limits or an NFL defect detected on biomicroscopic examination.
All subjects had one OCT scanning session per day on three different days within a month. A session was defined as 20 successive NFL peripapillary circular scans with tracking and 20 successive scans Eye-Motion Tracking with Optical Coherence Tomography 965 without tracking. The order of testing (with or without tracking) was randomized at each visit for each subject.
Analysis Methods
Image averaging to generate a composite image is a widely used analysis technique for improving signal-to-noise ratio and is novel to OCT image registration technology. Speckle noise, which is inherent to OCT scanning, may be reduced with image-averaging analysis. 11 Composite OCT images and composite fundus images were created by averaging multiple images scanned at the same location with a software program of our own design. The software was developed in C# (VisualStudio.Net 2003; Microsoft, Redmond, WA). Composite OCT images were generated by aligning the internal limiting membrane (ILM) of the 20 repeated OCT images from each session that were theoretically on the same scanning plane. The ILM was chosen because of its high reflectivity, which makes it the first prominent A-scan signal peak detected on the vitreous side. Therefore, it is one of the easiest and most reliable features to be detected within the retina. 12, 13 To create one composite image from the 20 OCT II images obtained in a session, a mean pixel intensity value was calculated for each pixel after alignment. To measure interimage pixel-topixel variability, a mean retinal pixel SD was calculated by averaging the variances of intensity values for each pixel between the ILM and retinal pigment epithelium within the set of 20 images.
A fundus image was saved as each OCT II image was collected. Composite fundus images were generated by simply adding the images without aligning them.
To evaluate tracker performance qualitatively, we examined composite OCT images and composite fundus images for accuracy. Accurate tracking was defined as a composite image with crisp edges. Shadowing artifacts created by vessels and other structural edges were used to determine whether the scan registration was consistent. On composite fundus images, blood vessels and structural features of optic nerve head were used for the qualitative assessment.
NFL thickness measurements were also obtained using our proprietary software. NFL segmentation algorithm failure was defined as the appearance of an obvious disruption in the detected NFL borders, and/or borders wandering for more than 5% (consecutive) or 20% (cumulative) of the entire image. Border wandering was recognized as the jumping of the detected border to and from different anatomic structures. Intravisit (within-subject within-date) and intervisit (withinsubject between-dates) standard deviations (SDs) as well as intraclass correlation coefficients (ICCs) were calculated to quantify reproducibility. We applied the Bonferroni method to calculate a proper probability cutoff at an ␣ level of 0.05 when we performed multiple comparisons.
RESULTS
Seven healthy and nine glaucomatous eyes of 16 subjects were used for this study. Subjects with glaucoma were older than healthy subjects (mean age, 67.4 Ϯ 13.0 years vs. 38.4 Ϯ 8.2 years, respectively, P Ͻ 0.001, t-test).
Examples of both OCT and fundus composite images are shown in Figure 2 . A qualitative assessment revealed blurring of the edges of the anatomic structures in both composite OCT and composite fundus images for all subjects without tracking. However, composite OCT tracking images showed much sharper edges in the layered retinal structures and better preserved vessel images with tracking than without, and composite fundus images showed more ONH detail and more clearly defined blood vessels with tracking. Mean retinal pixel SD was significantly smaller with tracking than without (490.9 Ϯ 19.3 m vs. 506.4 Ϯ 31.8 m, P ϭ 0.005, paired t-test).
Of 1920 images, 1908 (99.4%) were automatically analyzed successfully for NFL thickness, and a total of 288 composite images were generated. NFL analysis failed in a total of 12 images, with and without tracking. These images were excluded from the study. Quantitatively, there was no difference in NFL thickness measurement, with or without tracking, in both healthy and glaucoma subjects (129.3 Ϯ 14.4 m vs. 128.6 Ϯ 17.0 m, healthy; 105.8 Ϯ 18.2 m vs. 104.6 Ϯ 16.9 m, glaucoma, respectively, both with P Ͼ 0.75, Wilcoxon test).
The glaucoma group tended to show greater NFL measurement SDs than did the healthy group in both intra-and intersession SD calculations but the difference did not reach statistical significance, except for the intersession SD in the temporal quadrant with tracking (P ϭ 0.001; Fig. 3 ). There was no significant difference between with and without tracking in both intra-and intersession SD calculations in any location. Figure 4 shows that ICCs were higher in healthy subjects in all segments except in the nasal segment, where patients with glaucoma had a higher ICC.
DISCUSSION
Tracking OCT improved the consistency of scan registration, as shown by both composite OCT and composite fundus images. Because both tracking and nontracking OCT images were aligned and added, signal-to-noise ratio actually improved for both instances and random speckle noise was suppressed.
Although the fundus image that is acquired with OCT II provides a reference as to where the OCT scan path is in relation to the fundus, it is not equivalent to conventional fundus cameras in terms of image quality. However, enough retinal detail is present to provide an indication of the performance of our retinal tracker. Mean pixel SD is a parameter that quantifies interimage pixel-to-pixel variability. It is an overall assessment of image registration consistency and the stabilization of images with the tracking system. This parameter is commonly used in other devices that create composite images such as the Heidelberg Retina Tomograph (Heidelberg Engineering GmbH, Heidelberg, Germany). That mean pixel SD was significantly minimized with the tracking system turned on indicates that there was less pixel-to-pixel variability with tracking than without. This finding suggests that there was an overall improvement in stabilizing image registration with the tracking system.
Quantitatively, mean NFL thickness was smaller in patients with glaucoma, as expected. 4 However, we could not find statistically significant differences in NFL thickness measurements between those obtained with and without tracking, although most of the parameters showed smaller ICCs (hence better reproducibility) with tracking. This result may be due to the small sample size and directions of compensation. The initial design of this study with 16 subjects would have enough power to detect a 3-m difference with the expected SD of 2.5 m (␣ ϭ 0.05). However, the actual difference of ϳ1 m was much smaller than the a priori assumption, and there was no statistically significant difference. Also, our tracking system compensated for x and y motions only and did not compensate for torsional motion. There is a possibility that rotational motion affects scan registration and hence NFL thickness measurement reproducibility. Comparing the variability of individual A-scan-to-A-scan measurements as opposed to using overall mean NFL information may provide an alternate method of quantifying image registration consistency. However, because the OCT segmentation algorithm takes into account neighboring A-scan information, this influences the performance of the algorithm, and mean pixel SD is a more favorable method of checking consistency.
Although some limitations were observed, the concept of combining eye tracking with OCT technology should not be abandoned. The peripapillary NFL scan in OCT II consisted of 100 samples, but current commercial OCT samples 256 to 512 points along the circle. This increased sampling allows more A-scans to be acquired for increased transverse scan density, enhancing the ability to discriminate retinal layers. There is clinical potential for an active tracking system, as it permits long and consistent scanning and can therefore make raster scan acquisition possible. It would permit sessions of multiple images to be taken in precise locations, and three-dimensional composite structural maps could then be generated. This would provide improved visualization of retinal layers and structures. Signal averaging techniques demonstrated by Sander et al. 11 may further be enhanced with this tracking system. Averaging was shown to enhance retinal images, and a tracking system would stabilize the OCT sampling location so that images can be acquired consistently. In addition, the system is an add-on to existing OCT devices, and drastic changes in OCT technology are not required.
In conclusion, a retinal-tracking system was successfully developed and integrated into a commercial OCT unit. Tracking OCT improved the consistency of scan registration, but did not influence NFL thickness measurement reproducibility in this study.
